Abstract: In this letter, a method for widening impedance matching spaces of power amplifier is proposed by expanding the voltage and current equations of class F power amplifiers. The proposed method can improve design flexibility and convenience of broadband power amplifiers while maintaining high output power and drain efficiency. To verify this theory, a power amplifier from 1 GHz to 3.5 GHz is designed. The measured experimental results show that the drain efficiency can reach 50.6%-63.4%, the output power is greater than 40 dBm, and the gain is greater than 10 dB.
Introduction
The development of high-efficiency and broadband power amplifier (PA) is extremely important in modern communication systems. In recent years, researchers have paid much attention to the researches of Class B, class F and inverse class F (IF) PAs, which can achieve high efficiency in narrow frequency band. However, it is difficult to apply these PAs to the wide frequency range because the impedance is not easy to match in broadband.
In order to resolve the problem, researchers have proposed continuous class F, hybrid continuous class F, hybrid class J, and continuous classes B to J [1, 2, 3, 4] to widen the frequency bands. The similarity of their ideas is to enlarge the impedance matching space of PA from one point to areas by changing the drain voltage equations, which allows the PAs to have more flexible spaces to meet the impedance matching conditions in wide frequency bands. Compared with the continuous class F, the continuous inverse class F [5, 6, 7] extends the drain current equation to enlarge the impedance matching space, which is the same as the design idea of [1] . What's more, Kenle Chen proposes continuous class F/IF [8] to widen the frequency bands, which enlarges impedance matching space by setting the PA to work at continuous class F mode in the low frequency range while changing the operating mode to continuous class IF at high frequency range. These results show that the PAs can receive high drain efficiency (PDE) and output power (Pout) within the broad frequency range by enlarging the impedance matching spaces.
In this letter, the method to expand the drain current and voltage equations of class F PA simultaneously is proposed, which has large fundamental and second harmonic impedance spaces, making the design process of high-performance broadband PAs flexible and convenient.
2 Extended impedance matching spaces based on a continuous harmonic control mode
In order to maintain high efficiency, the overlap of the drain current and voltage waveforms is minimized to reduce the power consumption of PA, and it is the theoretical basis of the class F PA. The original drain voltage and current formulas of class F have been showed in [8] . On this basis, several variables are added in the equations to increase the dynamic range of impedance matching space, and the expanded formulas of drain voltage and current are as follows:
U DC is the drain bias voltage, and I max is the maximum output current. To ensure that the PA is working properly, the drain voltage and current can't be negative. [2, 5] have given the restrictive conditions of a, b, γ, δ, and (2) shows the qualifications of c, d.
Because the drain current and voltage waveforms can reflect the overlap directly, and to facilitate further research, three special cases are calculated according to (1) in Fig. 1 . The drain current and voltage waveforms are normalized according to I max and U DC respectively. Fig. 1(a) 
and the PA works in the continuous class F mode [1] ; Fig. 1(b) and (c) are two critical states when a ¼ 1,
Since the variables are continuous, all the changes of waveforms are continuous.
The formulas for output power and drain efficiency are as follows:
For the purpose of a good working condition, the ranges of δ, a, c are restricted. Fig. 2 Output power decrease is defined as the output power of this continuous mode minus the output power of class F. In general, the PA can obtain great working states in the range of variables.
From (1), fundamental and harmonic impedances can be calculated to be:
R opt is the optimum impedance of the PA at V g ¼ À2:8 V, and
The impedance matching spaces can be derived from (4) and Fig. 3 exhibits the whole areas: Z 1 , Z 2 and Z 3 represent the fundamental, second harmonic and third harmonic impedances, respectively. Blue, green and dark yellow blocks represent the impedances of three cases in Fig. 1(a) , (b) and (c) separately. When γ changes from −1 to 1, δ from 0 to 0.2, the design spaces of fundamental impedance and second harmonic impedance are also expanded. The third harmonic impedance is always near the open-circuit point.
Experimental results
The above analyses are carried out at the current source plane (I-gen plane) of the transistor. To verify this idea, it is necessary to add package factors before the output matching circuit due to the existence of transistor encapsulation parameters [10] . A low-pass step impedance filter model, which consists of several high and low impedance microstrip lines, is used to be the output matching circuit. The whole matching network is composed of the package model and the output matching circuit. It is well-synthesized by the simulation optimization in the ADS, matching the load impedance to the fundamental impedance areas in the base band (corresponding to the filter passband), and making harmonic impedances near the edge of Smith chart in the harmonic band (corresponding to the filter stopband). Z 1f , Z 2f and Z 3f are defined as the simulation curves of the fundamental, second harmonic and third harmonic output impedances at the I-gen plane respectively. Because fundamental impedance matching is most important and the space of Z 2 is highly coincident in Fig. 3 , the space of Z 1 is mainly differentiated in Fig. 4 . It shows that fundamental impedance matching is firstly meet from 1 to 1.87 GHz. From 1.87 to 3.5 GHz, Z 1f and Z 2f fall in the corresponding impedance matching space respectively, and the PA works at the whole continuous harmonic control mode. Although Z 3f does not completely fall in the theoretical matching space, the results basically meet the design requirements of the PA.
A GaN CGH40010F transistor from Cree is used and the substrate is Rogers 4350 with the thickness of 0.508 mm. Fig. 5 shows the component diagram and fabricated PA. Fig. 6 demonstrates the simulated and measured results of this PA's PDE, Pout and gain. The measured results show that the PA has the drain efficiency of 50.6%-63.4%, the output power of 40.1-41.9 dBm, and the gain greater than 10 dB within the frequency range of 1.0-3.5 GHz. Compared with the simulated results, the measured results of Pout and Gain are basically the same. Although the measured PDE is a little lower than the simulated PDE (61%-67%), the error is within the acceptable range. Table I gives the comparison of our work with others.
Conclusion
In this letter, while maintaining high performances, the impedance matching spaces of PA have been increased by expanding both the current and voltage equations of class F. The method is analyzed using formulas and calculations firstly. Then, to verify the proposed theory, a broadband PA based on the continuous harmonic control mode is simulated and fabricated. Excellent results have been achieved. 
